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MaOBJECTIVES This study sought to derive age-, sex-, and ethnic-appropriate adult reference values for left atrial (LA)
and left ventricular (LV) dimensions and volumes, LV mass, fractional shortening, and ejection fraction (EF) derived from
geographically diverse population studies.
BACKGROUND The current recommended reference values for measurements from echocardiography may not be
suitable to the diverse world population to which they are now applied.
METHODS Population-based datasets of echocardiographic measurements from 22,404 adults without clinical
cardiovascular or renal disease, hypertension, or diabetes were combined in an individual person data meta-analysis.
Quantile regression was used to derive reference values at the 95th percentile (upper reference value [URV]) and ﬁfth
percentile (lower reference value [LRV]) of each measurement against age (treated as linear), separately within sex and
ethnic groups.
RESULTS The URVs for left ventricular end-diastolic volume (LVEDV), LV end-systolic volume, and LV stroke volume
(SV) were highest in Europeans and lowest in South Asians. Important sex and ethnic differences remained after
indexation by body surface area or height for these measurements, as well as for the LRV for SV. LVEDV and SV decreased
with increasing age for all groups. Importantly, the LRV for EF differed by ethnicity; there was a clear apparent difference
between Europeans and Asians. The URVs for LV end-diastolic diameter and LV end-systolic diameter were higher for
Europeans than those for East Asian, South Asian, and African people, particularly among men. Similarly, the URVs for LA
diameter and volume were highest for Europeans.
CONCLUSIONS Sex- and/or ethnic-appropriate echocardiographic reference values are indicated for many measure-
ments of LA and LV size, LV mass, and EF. Reference values for LV volumes and mass also differ across the age
range. (J Am Coll Cardiol Img 2015;8:656–65) © 2015 by the American College of Cardiology Foundation.R eference values for echocardiographic cham-ber quantiﬁcation were jointly publishedby the American Society of Echocardio-
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657surface area (BSA), and it may be incorrect to assume
that the relationship between cardiac size or structure
and these surrogates of body size are the same across
sex or different ethnic groups.
The EchoNoRMAL (Echocardiographic Normal
Ranges Meta-Analysis of the Left Heart) collaboration
was formed to develop contemporary normative
reference ranges for standard echocardiographic
measurements of the left heart (www.echonormal.org)
(4). Such values are essential to guiding key clinical
management decisions. Geographically diverse,
population-based studies were sought to ensure
reference values would be relevant to a “real world”
population, with values derived from echocardio-
graphic measurements acquired in adults without
clinically evident cardiovascular (CV) disease or risk
factors.SEE PAGE 666
LV = left ventricular
LVEF = left ventricular
ejection fraction
LVEDD = left ventricular
end-diastolic diameter
LVEDV = left ventricular
end-diastolic volume
LVESD = left ventricular
end-systolic diameter
LVESV = left ventricular
end-systolic volume
LVM = left ventricular mass
SV = stroke volume
URV = upper reference value
wSD = weighted SDThe present study sought to derive age-, sex-, and
ethnic-appropriate adult normative reference values
for left atrial diameter (LAD), area, and left atrial
volume (LAvol); left ventricular (LV) dimensions (left
ventricular end-diastolic diameter [LVEDD] and left
ventricular end-systolic diameter [LVESD]), volumes
(left ventricular end-diastolic volume [LVEDV], left
ventricular end-systolic volume [LVESV], and stroke
volume [SV]), LVM, fractional shortening (FS), and
ejection fraction (EF).
METHODS
STUDY COHORT. The development and methodology
of the EchoNoRMAL individual person data meta-
analysis has been described previously (4). In brief,
population-based studies that reported echocardio-
graphic measurements on adult volunteers were
identiﬁed through comprehensive systematic reviews
and personal communications. Investigators were
asked to contribute individual person-level data to the
EchoNoRMAL meta-analysis. Data on 51,222 subjects
from 43 studies were received. Ethnicities deﬁned in
the original studies were categorized as African,
American Black, East Asian, Australian Aboriginal,
European, Middle Eastern, Paciﬁc, or South Asian.
After limiting the study population to people ages 18
to 80 years, subjects with clinically evident CV or renal
disease, hypertension, or diabetes were excluded.
Assessment for subclinical disease varied, and studies
were not required to have performed more intensive
screening of older subjects (although the same criteria
for hypertension, diabetes, or renal disease were
applied to all). After the exclusions, 22,404 subjects
formed the EchoNoRMAL reference cohort fromwhichreference values for standard echocardio-
graphic measurements of the left heart were
derived.
DEVELOPMENT OF REFERENCE VALUES.
Data were combined from multiple studies
in an individual person data meta-analysis.
Quantile regression (5) of each echocardio-
graphic measurement against age (treated as
linear) was performed within sex- and ethnic-
speciﬁc groups. Nonlinear relationships with
age are possible; however, these were not
suggested on scatterplots of each measure-
ment. Initially, individual study was treated
as a ﬁxed effect. To investigate study-speciﬁc
inﬂuences, the analysis of each measurement
was repeated while treating the study as a
random effect, with a study-speciﬁc inter-
cept. Studies with #5 people per sex per
ethnic group were excluded from the random
effects model. The variance associated with
each intercept was estimated using bootstrap
re-sampling (1,000 samples). To identify
potential outliers, the random intercepts of
each study were ranked in ascending order.
Because the distribution of the intercepts
showed no clusters or other patterns of het-
erogeneity, the studies at either end of the
range were examined. If there was no overlap
in the 95% conﬁdence intervals of 2 adjacent
studies, the extreme study was identiﬁed as
a potential outlier. A sensitivity analysis was
then performed by removing the extreme
study and repeating the ﬁxed effect analysis. If
there were important differences in the model after
excluding the outlying study (deﬁned as $5% dif-
ference in the intercept or coefﬁcient of age), the
study was excluded from developing the ﬁnal
reference values for that measurement. If the refer-
ence value was for a metric derived from other
measurements (e.g., EF derived from LV volumes),
the study was also excluded from reference values
for the initial measurements (e.g., for LVEDV and
LVESV, as well as EF). Because outlying data could
be due to systematic measurement differences or
real differences in the underlying population, sen-
sitivity analyses were then performed for all other
measurements, in which any study that had been
excluded from the development of a reference range
was excluded from every other measurement it
contributed data to, and the ﬁxed effect analysis
repeated. Reference values derived from all studies,
without exclusions, are presented as supple-
mental data (Online Appendix E). To further
examine variability between studies, we selected
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658the measurement of EF, and calculated a weighted
variance of the predicted value for each study, with
weights proportional to study size. Analyses were
performed using R statistical software v3.0.2 (6),
using the “quantreg” (7) package for ﬁxed effects
models and the “lqmm” (8) package for random
effects models.
Upper reference values (URVs) were deﬁned at the
95th percentile and lower reference values (LRVs) at
the ﬁfth percentile. In accordance with earlier rec-
ommendations (9), these values deﬁned 90% of the
population as normal, but they allowed for non-
normal distributions. Reference values at ages 30,
50, and 70 years (where possible), and equations that
allowed the URV or LRV to be calculated for any age,
are provided in the Online Appendix. Reference
values were not derived in a sex-speciﬁc ethnic group
with <80 subjects (10). Values were derived for an age
range of 18 to 80 years, where possible. When data
were sparse for a subset of ages, the principle of Vir-
tanen et al. (10) was generalized to require $1.3 sub-
jects per year of age for the model to be extended over
the area of sparse data. For example, if data on a
measurement were available in 384 adults, of whom
368 were ages 18 to 70 years, the model would be
developed up to 80 years because data on 16 people
ages 70 to 80 years would adequately represent the
remaining 10 years (1.6 people per year). If data on 12
people represented the remaining 10 years (1.2 people
per year), the model would be limited to 18 to 70 years.
In such cases (of sparse data), the model over the
widest age range was compared with that developed
over the limited age range. If they were the same, the
wider age range was used; if not, the limited age range
was used. When only 1 study contributed to a model,
the model was limited to the ages in that study.
Reference values were derived for LA size (LAD,
area, LAvol); LV diameters (LVEDD, LVESD), volumesTABLE 1 Characteristics of the EchoNoRMAL Reference Cohort
European
(n ¼ 14,042)
East Asian
(n ¼ 3,874)
South Asian
(n ¼ 1,751)
American Bl
(n ¼ 1,708
Men 51 52 53 46
Age, yrs 47 (35–58) 53 (43–61) 50 (46–57) 29 (26–33
Height, cm 170 (163–177) 160 (154–168) 164 (157–171) 170 (163–17
Weight, kg 71 (62–81) 56 (50–64) 71 (62–80) 75 (64–88
BSA, cm2 1.8 (1.7–2.0) 1.6 (1.5–1.7) 1.8 (1.6–1.9) 1.9 (1.7–2.
BMI, kg/m2 24 (22–27) 22 (20–24) 26 (24–29) 26 (23–30
SBP, mm Hg 120 (110–129) 118 (110–126)* 122 (114–130) 108 (102–1
DBP, mm Hg 74 (68–80) 70 (66–79)* 76 (71–81) 69 (63–75
HR, beats/min 66 (60–74) 64 (58–71)* 73 (66–81) 68 (62–74
Values are % or median (interquartile range). Ethnicity was not deﬁned in 51 people. *D
BMI ¼ body mass index; BSA ¼ body surface area; DBP ¼ diastolic blood pressure; H(LVEDV, LVESV, SV), LVM, and function (FS, EF). In
addition, reference values were derived for LA and LV
diameters, volumes, and LVM after indexation
(dividing) by BSA (11) and by height. LVM was esti-
mated using the ASE recommended equation (12)
whether measured from M-mode or 2-dimensional
linear dimensions. Relative wall thickness (RWT)
was calculated from the posterior wall dimension
(PWD) as RWT ¼ PWD*2/LVEDD.
RESULTS
COHORT. The EchoNoRMAL reference cohort is
characterized in Table 1. Sufﬁcient data for the devel-
opment of reference values were available for each sex
in the 5 largest ethnic groups (European, East Asian,
South Asian, American Black, African). Because few
data were available for American Blacks older than 65
years, reference values could only be derived for
younger age groups. Robust reference values could
not be derived for people of Australian Aboriginal,
Paciﬁc, or Middle Eastern descent because we
received data on <80 subjects per sex in these groups.
REFERENCE VALUES. Data exclusions. One study had
outlying data for LVEDV and LVESV, and 1 study had
outlying data for EF. Sensitivity analyses showed that
each of the studies had a signiﬁcant inﬂuence on the
reference values that were derived for these mea-
surements; thus, they were excluded from the devel-
opment of European reference values for LVEDV,
LVESV, and EF (13,14). Reference values from the full
data are presented in the Online Appendix. These 2
studies did not inﬂuence the equations for any other
measurement.
Left ventricular volumes and ejection fraction. Age-
speciﬁc URVs for LVEDV, LVESV, and SV, measured
using Simpson’s biplane method, are presented in
Tables 2 and 3 and also Online Tables A1a and A1b.ack
)
African
(n ¼ 676)
Australian Aboriginal
(n ¼ 118)
Paciﬁc
(n ¼ 45)
Middle Eastern
(n ¼ 30)
39 37 47 53
) 49 (45–54) 32 (25–41) 29 (25–39) 33 (27–43)
7) 165 (158–171) 165 (161–172) 170 (165–177) 168 (162–174)
) 72 (62–83) 75 (64–87) 82 (67–102) 69 (65–82)
0) 1.8 (1.7–1.9) 1.9 (1.7–2.0) 2.0 (1.8–2.2) 1.8 (1.7–2.0)
) 26 (23–29) 28 (23–31) 27 (25–33) 25 (24–28)
15) 124 (115–131) 116 (109–124) 123 (113–128) 110 (102–120)
) 78 (72–82) 74 (69–80) 76 (70–80) 69 (60–75)
) 67 (61–75) 74 (66–82) 67 (58–74) 65 (60–70)
ata were unavailable in >50% of subjects.
R ¼ heart rate; SBP ¼ systolic blood pressure.
TABLE 2 Reference Values of Left Ventricular Volumes and Ejection Fraction for Men
Simpson’s Biplane European East Asian South Asian
# of Subjects/# of Studies 1,107/10 523/6 329/5
Age, yrs 30 50 70 30 50 70 50 70
LVEDV, ml 151 (3.8) 138 (1.9) 126 (3.3) 140 (3.0) 127 (1.9) 113 (3.4) 102 (3.1) 84 (4.5)
LVEDV/BSA, ml/m2 72 (1.9) 66 (0.9) 61 (1.5) 72 (1.9) 71 (1.3) 69 (2.5) 52 (1.5) 46 (2.7)
LVEDV/height, ml/m 83 (2.0) 78 (1.1) 73 (2.0) 80 (2.2) 74 (1.5) 68 (2.8) 58 (2.0) 48 (2.5)
LVESV, cm 65 (2.0) 59 (1.0) 54 (1.7) 56 (1.3) 50 (1.1) 45 (2.2) 42 (1.6) 34 (4.0)
LVESV/BSA, ml/m2 31 (0.8) 29 (0.4) 27 (0.8) 30 (0.6) 28 (0.7) 26 (1.3) 22 (0.5) 21 (1.6)
LVESV/height, ml/m 36 (0.8) 34 (0.5) 31 (1.0) 32 (0.8) 29 (0.6) 27 (1.1) 24 (0.7) 22 (1.8)
SV, ml 91 (2.8) 83 (1.3) 75 (1.7) 87 (0.9) 82 (1.8) 77 (3.4) 61 (2.1) 50 (1.3)
SV, ml* 39 (1.0) 37 (0.5) 35 (1.0) 43 (1.7) 39 (1.1) 36 (1.9) 26 (1.0) 24 (1.6)
SV/BSA, ml/m2 44 (1.2) 41 (0.6) 37 (0.8) 46 (1.6) 46 (0.8) 47 (1.2) 32 (1.0) 28 (2.0)
SV/BSA, ml/m2* 20 (0.8) 19 (0.4) 18 (0.7) 24 (1.0) 22 (0.7) 20 (1.2) 14 (0.5) 14 (0.7)
SV/height, ml/m 50 (1.8) 46 (0.9) 43 (1.0) 50 (1.1) 48 (0.9) 47 (1.8) 35 (1.3) 30 (0.8)
SV/height, ml/m* 23 (0.8) 21 (0.4) 20 (0.6) 24 (1.0) 23 (0.6) 21 (1.1) 16 (0.5) 15 (0.8)
EF, %* 49 (0.9) 50 (0.6) 50 (1.3) 55 (0.7) 56 (0.5) 56 (0.9) 52 (0.6) 52 (0.9)
Values are upper reference values (standard error) unless otherwise indicated. *Lower reference value. Ejection fraction (EF) was derived in 1,573 Europeans (13 studies),
524 East Asians (7 studies), and 361 South Asians (6 studies).
BSA ¼ body surface area; LVEDV ¼ left ventricular end-diastolic volume; LVESV ¼ left ventricular end-systolic volume; SV ¼ stroke volume.
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659LRVs for SV and EF are also presented. The URVs for
LVEDV, LVESV, and SV were highest for Europeans
and lowest for South Asians (Figure 1), and important
sex and ethnic differences remained after indexation
of LVEDV or LVESV by BSA or height. Indexation of
SV by height reduced the apparent difference in URVs
between Europeans and East Asians, but did not
reduce the difference between these groups and
South Asians. The difference in LVEDV and SV with
increasing age was statistically signiﬁcant for men
and women of all 3 ethnic groups, except SV in South
Asian women (Online Tables A2a and A2b).
Median heart rate (HR) was 7 beats/min higher
among South Asians than Europeans (Table 1). Linear
regression of LVEDV against HR in the whole
cohort showed that LVEDV decreased by 0.64 ml per
1 beat/min increase in HR (data not shown); thus, a
7 beats/min increase in HR would be associated with a
4.5-ml reduction in LVEDV. Consistent with the URVs
for LVEDV, median LVEDV for South Asian men was
37 ml lower than that of European men (68 ml vs.
105 ml) and 23 ml lower for South Asian women
compared with European women (57 ml vs. 80 ml).
Therefore, the ethnic-dependent differences in the
distribution of LVEDV far exceed the inﬂuence of HR.
The LRV for EF differed by ethnicity (Figure 2).
Among men and women aged 50 years, the LRV of
EF for Europeans was an absolute 6% lower than
that of East Asians and 2% lower than that of South
Asians. The difference in LRV between Europeans
and East Asians was statistically signiﬁcant for both
sexes.Consistent with the lower LRV for Europeans, 97%
of 386 people with an EF <50% were European. Mean
LA volume was 50  12.5 ml; however, LAvol was only
available in 57 (18%) of these subjects (compared with
40% of Europeans with EFs $50%); therefore, this
might represent a biased sample. LAD was available
in 75% of Europeans with EFs <50%. Mean LAD was
3.4  0.53 cm, which was less than the 3.5  0.53 cm
in Europeans with EFs $50% (Student t test for the
difference, p ¼ 0.025).
The difference in EF with increasing age was sta-
tistically signiﬁcant for South Asian men only (Online
Tables A2a and A2b).
Equations deﬁning the LRVs for LV volumes are
presented in Online Tables A3a and A3b.
Left ventricular dimensions and fractional shortening.
Age-speciﬁc URVs for LVEDD and LVESD, from
M-mode or 2-dimensional linear measurements, are
presented in Online Tables B1a (men) and B1b
(women). LRVs for FS are also presented. Insufﬁcient
data were available for younger African men to allow
reference values to be developed over the whole age
range; however, this was possible for African women.
The URVs for LVEDD and LVESD at age 50 years were
higher for Europeans than those for East Asian, South
Asian, and African people. Values for American Blacks
were limited to age 30 years, at which time the URVs
were similar to Europeans at age 30 years (although
these were measured from the parasternal short-axis
view). Indexation of LVEDD by height appeared to
reduce the difference in URVs between ethnic groups
more than indexation by BSA.
FIGURE 1 Left Ven
(Solid top line) The
ventricular end-diast
TABLE 3 Reference Values of Left Ventricular Volumes and Ejection Fraction for Women
Simpson’s Biplane European East Asian South Asian
# of Subjects/# of Studies 1,107/10 418/6 235/4
Age, yrs 30 50 70 30 50 70 50 70
LVEDV, ml 116 (3.0) 106 (1.7) 95 (3.0) 109 (3.2) 103 (1.6) 96 (1.7) 80 (2.8) 73 (6.2)
LVEDV/BSA, ml/m2 62 (0.9) 58 (0.6) 53 (1.3) 68 (1.5) 66 (1.2) 64 (2.3) 47 (1.2) 46 (2.4)
LVEDV/height, ml/m 68 (0.9) 63 (0.7) 59 (1.3) 67 (1.5) 65 (1.1) 62 (2.2) 50 (1.3) 46 (2.6)
LVESV, cm 48 (1.0) 44 (0.7) 41 (1.4) 40 (1.3) 38 (1.2) 36 (2.3) 35 (1.3) 27 (3.5)
LVESV/BSA, ml/m2 26 (0.5) 24 (0.4) 23 (0.8) 25 (0.9) 24 (0.5) 23 (0.8) 20 (0.7) 17 (2.1)
LVESV/height, ml/m 28 (0.4) 27 (0.3) 25 (0.7) 24 (0.8) 24 (0.8) 23 (1.5) 22 (0.8) 17 (2.1)
SV, ml 72 (1.7) 66 (1.0) 60 (1.8) 72 (3.6) 67 (2.1) 63 (3.8) 48 (1.5) 46 (3.6)
SV, ml* 34 (0.7) 30 (0.5) 27 (1.0) 32 (1.7) 30 (1.2) 28 (2.3) 22 (1.3) 19 (0.9)
SV/BSA, ml/m2 39 (0.9) 37 (0.5) 35 (0.9) 45 (1.6) 44 (0.9) 44 (1.4) 29 (0.6) 29 (1.3)
SV/BSA, ml/m2* 20 (0.4) 17 (0.4) 15 (0.8) 21 (1.2) 20 (0.7) 18 (1.1) 14 (0.6) 12 (0.6)
SV/height, ml/m 42 (1.0) 39 (0.5) 37 (0.9) 45 (2.2) 42 (1.2) 40 (2.0) 30 (1.0) 29 (2.5)
SV/height, ml/m* 21 (0.5) 19 (0.3) 16 (0.7) 20 (1.1) 19 (0.8) 19 (1.5) 15 (0.7) 12 (0.3)
EF, %* 51 (0.5) 51 (0.5) 51 (1.0) 57 (0.8) 57 (0.6) 57 (1.2) 53 (1.0) 53 (3.1)
Values are upper reference values (standard error) unless otherwise indicated. *Lower reference value. EF was derived in 1,432 Europeans (13 studies), 422 East Asians
(7 studies), and 270 South Asian (5 studies).
Abbreviations as in Table 2.
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660The change in the URVs of LVEDD with increasing
age was minimal but statistically signiﬁcant for M-mode
measurements of East Asian men, East Asian women,
and American Black women (over a limited age range),tricular End-Diastolic Volumes (Simpson’s Biplane) Against Age
95th percentiles are the upper reference values. (Dotted central and bottom
olic volume.and for 2-dimensional linear measurements of East
Asian men and European women (Online Tables B2a
and B2b). Equations deﬁning the LRVs for LV dimen-
sions are presented in Online Tables B3a and B3b.lines) The 50th and ﬁfth percentiles, respectively. LVEDV ¼ left
FIGURE 2 Ejection Fraction (Simpson’s Biplane Volumes) Against Age
(Solid bottom line) The 5th percentiles are the lower reference values. (Dotted central and top lines) The 50th and 95th percentiles, respectively. EF¼ ejection fraction.
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661Left ventricular mass. Age-speciﬁc URVs for LVM,
which were estimated from M-mode, 2-dimensional
linear, or 2-dimensional area methods, are pre-
sented in Online Tables C1a (men) and C1b (women).
The URVs for relative wall thickness from linear
measurements are also presented. The URVs for LVM
were higher for Europeans than that of East Asians,
regardless of the measurement method. Among men,
the differences between these groups remained after
indexation by BSA or height. As seen for M-mode di-
mensions, the URVs for M-mode LVM were similar for
Europeans and American Blacks at age 30 years. The
change in the URVs of LVM with increasing age for
men was statistically signiﬁcant for M-mode–derived
mass in European and American Black men and for
2-dimensional, linear-derived mass in European and
South Asian men (Online Table C2a).
Among women, the URVs for LVM were similar for
Europeans and South Asians; however, the reference
for 30-year-old American Black women was higher
than any other ethnic group (at that age, images were
taken in the parasternal short-axis view). Indexation
by BSA, and to a lesser degree, by height, appeared to
reduce the difference in URVs among ethnic groups.
The change in the URVs of LVM with increasing age
was statistically signiﬁcant for M-mode–derivedmass in European and East Asian women, and for
2-dimensional, linear-derived mass in East Asian and
South Asian women (Online Table C2b). Equations
deﬁning the LRVs for LVM are presented in Online
Tables C3a and C3b.
Left atrial size. Age-speciﬁc URVs for LAD, area, and
volume are presented in Online Tables D1a (men) and
D1b (women). The URVs for LAD were highest for
Europeans and American Blacks (at age 30 years) and
were lowest for South Asians and Africans. The URVs
for LAvol were also higher for Europeans than East
Asians, although the difference was less pronounced
among women. Among men, differences in the URVs
of LAD and LAvol remained after indexation by BSA
or height.
The change in the URVs of LAD with increasing age
was statistically signiﬁcant for European, African, and
American Black men, and it varied for women
depending on the method of measurement. The dif-
ference in LAvol with increasing age was not statis-
tically signiﬁcant for men, but was signiﬁcant for
European women (Online Tables D2a and D2b).
Equations deﬁning the LRVs for LA size are presented
in Online Tables D3a and D3b.
Between-study variation. The predicted value of EF at
age 50 years was used to examine between-study
FIGURE 3 Predicte
Number of women p
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662variation. In a random effects model of the ﬁfth
percentile of EF, the predicted values for European
women at age 50 years from 13 studies ranged from
–3.9% to þ4.8% around the ﬁnal predicted value.
The weighted standard deviation (wSD) was 3.1%
(Figure 3). The predicted values for East Asian women
(5 studies) ranged from –3.3% to þ1.1% around the
ﬁnal predicted value (wSD 0.8%), and for South Asian
women (4 studies), the predicted values ranged
from –1.6% to þ1.4% around the ﬁnal predicted value
(wSD 0.5%).
A similar pattern was seen among men. The pre-
dicted values for European men at age 50 years from
each of 12 studies (1 study that had 4 European men
was not included in the random effects model) ranged
from –5.0% to þ3.7% around the ﬁnal predicted value
(wSD 2.7%); for East Asian men (5 studies), the pre-
dicted value ranged from –1.9% to þ2.4% around the
ﬁnal predicted value (wSD 0.7%), and for South
Asian men (5 studies), the predicted valued ranged
from –0.7% to þ3.2% around the ﬁnal predicted value
(wSD 0.8%).
DISCUSSION
Quantitative echocardiography depends on reliable
normative reference ranges that describe the distri-
bution of values in a “healthy” referent population.
It is well known that LV size differs for men andd Values of the Fifth Percentile of Ejection Fraction per Study Among 50
er study along the x-axis. Abbreviation as in Figure 2.women (15,16). However, ethnic-based differences in
LV size are less well recognized, and reference values
that allow for variations in cardiac size and structure
resulting from ethnic-based differences in body
composition are lacking. We have shown that
although simple indexation of LV size reduces sex- or
ethnic-based differences, ethnic-appropriate refer-
ence values are still required for many measurements
of the left heart. By collating echocardiographic
measurements from population-based studies from
around the world, this study has enabled age-, sex-
and ethnic-appropriate adult reference values to be
derived for nonindexed and indexed left heart
dimensions, volumes, and mass, and nonindexed FS
and EF.
Our ﬁndings support the current ASE/European
Association of Cardiovascular Imaging (EACVI) rec-
ommendations for chamber quantiﬁcation by sex, but
they also challenge the use of values that ignore
ethnicity. For example, the current ASE/EACVI rec-
ommendations advocate upper thresholds for LVEDD
of 5.8 cm for men and 5.2 cm for women based on data
from predominantly white European and American
adults (2). The URVs for LVEDD derived for European
men in the present study were similar to this
threshold; however, the URVs derived for East Asian,
South Asian, and African men were substantially
lower than those for Europeans and lower than those
of the ASE/EACVI recommendations. Among women,-Year-Old European Women
J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 8 , N O . 6 , 2 0 1 5 EchoNoRMAL Collaboration
J U N E 2 0 1 5 : 6 5 6 – 6 5 Echo Reference Values
663the URVs for LVEDD were similarly higher for Euro-
peans than other ethnic groups; however, the
ASE/EACVI threshold was more compatible with the
non-European groups. Similar disparities were seen
between the current recommendations and the URVs
derived in this study for LA size and LV volumes. East
Asian and South Asian men in particular would be
disadvantaged if European reference values were
applied, because signiﬁcant LV dilatation would
need to occur before being viewed as a pathological
change. This and other differences in reference
values between ethnic groups could have signiﬁcant
implications for the under- and over-diagnosis of CV
abnormalities in these populations.
Basic indexation of LV diameters by BSA or height
removed much of the disparities in reference values
between sex and ethnic groups, but they did not have
this effect on LV volumes. The disparities that
remained for indexed SV in particular might have
implications in the management of “low ﬂow” aortic
stenosis. Standardization by a metric of body size
should not be expected to account for all variations in
heart size, even in health, and a persistent difference
in indexed LV volumes between Europeans and East
Asians was also found in the MESA (Multi-Ethic Study
of Atherosclerosis) study (17). One explanation for
the differing impact of indexation on diameters
compared with volumes might be based on the
differing geometry of the measurements involved. LV
diameter and height are both 1-dimensional mea-
surements; therefore, a simple ratiometric associa-
tion between them is geometrically consistent. LV
volume is a 3-dimensional measure; therefore, the
relationship with height (1-dimensional) or BSA
(2-dimensional) is not linear and might necessitate a
more complex association (18). The ratiometric and
allometric relationships of measurements with
height, weight, and BSA are being investigated by the
EchoNoRMAL collaboration but are beyond the scope
of the present paper.
Our ﬁndings suggest that static thresholds may not
be appropriate for many measurements. In contrast to
the relatively constant URVs of LV diameters across
age, the URVs of LV volumes decreasedwith increasing
age. Because biplane volume includes length, and is
measured in orthogonal planes, the change in volume
may represent a change in geometry with increasing
age that is not captured by the 1-dimensional mea-
surement of diameter. An important caveat to these
ﬁndings is that normative reference values deﬁne the
boundaries of a reference cohort and are not related to
the risk of an outcome. A change in the “normal” value
with age does not necessarily mean a value is normal,
and may not infer low risk of an adverse event.The URV for SV also decreased with increasing age.
Although the reduction in volume per year of age is
proportionally greater (compared with the intercept)
for LVESV than LVEDV, the reduction in absolute
volume is greater for LVEDV, leading to its greater
contribution to the reduction in SV. The trend with
age for the URV of LVM was variable, depending on
sex, ethnic group, and method of measurement.
Previous studies (19,20) have found that LVM in-
creases with increasing age. This may be a direct
inﬂuence of age, but may also be an inﬂuence
of long-term exposure to other factors, such as
increased blood pressure (although this was within
the normotensive range for all subjects in this study).
To the best of our knowledge, an ethnic-speciﬁc
difference in EF among healthy subjects has not been
demonstrated before. The reference values resulted
from modeling in the tails of the distribution at each
age, so they may be sensitive to studies that system-
atically measure lower values. When the study was
permitted to vary as a random effect in quantile
regression models, 1 study was deﬁned as having
outlying low values for EF that affected the reference
values for EF in Europeans, and another study had
similarly important outlying values of larger LV vol-
umes (Online Tables E1a to E3b). After excluding these
2 studies from the analysis of EF, the predicted values
for Europeans remained signiﬁcantly lower than those
for East Asians. Proportionally, 10 times more Euro-
peans than East Asians had an EF <50% (4.3% Euro-
peans, 0.4% East Asians). Unfortunately, there were
insufﬁcient data to investigate the difference in LAvol
among subjects with a low EF; however, among
Europeans, LAD was lower when EF was <50% com-
pared with $50%. Thus, our data suggest, that even
with the inherent variability in operator-dependent
measurements from a range of centers around the
world, the distribution of EF differs by ethnic group.
Future workmay determine whether these differences
have prognostic or therapeutic implications, which are
currently based on a universal cutpoint of EF.
A low EF may be expected in people that are not
entirely “normal,” whether due to disease or other
factors (e.g., athletic training, sustained living at alti-
tude, dietary or drinking habits). Subjects with known
risk factors for CV disease were excluded from the
EchoNoRMAL reference cohort, and values of blood
pressure or glucose for people with EFs <50% were
similar to those of people with EFs $50% and were not
weighted toward the thresholds for hypertension or
diabetes (data not shown). Similarly, studies recruited
from athletic cohorts were not included in the Echo-
NoRMAL meta-analysis. Athletic individuals may well
remain in the reference cohort; however, it was
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lower end of the European distribution of EF.
STUDY LIMITATIONS. This study incorporated echo-
cardiographic measurements from a wide range of
cohorts from around the world. However, many pop-
ulations remain under-represented, andwewere unable
to develop robust reference values for Australian
Aboriginal, Paciﬁc (Paciﬁc Island or Maori), and Middle
Eastern groups. In addition, the adult age range could
not always be adequately represented (e.g., American
Blacks), and insufﬁcient data to derive reference values
of 3-dimensional images were received. There is a need
for further prospective studies to allow comprehensive
ethnic-appropriate reference values to be derived. These
may include cohorts with disease to allow the severity
of abnormalities (e.g., LV hypertrophy) to be appropri-
ately deﬁned. There may also be a role for prognostic
reference values to be developed, which relate a mea-
surement to the risk of a future event. These may be of
particular relevance to the elderly, in whom cardiac
size and function may not be normal, and in whom the
more relevant question is the impact of a given cardiac
size or function on their risk of a future event.
Individual studies collected data prospectively ac-
cording to individual protocols; therefore, some
variation may have occurred in image capture and
measurement. Sources of variability have been iden-
tiﬁed (4), but a pre-deﬁned image acquisition and
measurement protocol did not exist. Furthermore,
any comparison of reference values obtained by
different measurement modes or echocardiographic
views was limited because very few subjects had
measurements repeated from more than 1 mode or
view. However, the individual studies were planned
and performed as research protocols, and so hetero-
geneity among studies represented the real world in
clinical and academic centers, and the variability was
thus likely to be less than might be observed across
different clinical echocardiography laboratories.
Importantly, the statistical methods required to
develop reference ranges did not support a discussion
about the biological inﬂuences on the similarities or
differences between sex and ethnic groups. These
aspects will be explored in subsequent analyses from
the EchoNoRMAL collaboration.
CONCLUSIONS
New echocardiographic reference values for left heart
size and systolic function have been derived from a
large international cohort of subjects without CV
disease or risk factors. Indexation of LV diameters
may reduce the need for ethnic-appropriate reference
values (within sex); however, this cannot be achievedwith simple indexation of LV volumes or LVM
by height or BSA. Importantly, ethnic-appropriate
reference values for EF should be utilized. Impor-
tant differences by sex, ethnicity, and age have been
demonstrated and support the need for more
comprehensive reference values to be applied to pa-
tients undergoing echocardiography.
ACKNOWLEDGMENTS The list of collaborators
involved in the EchoNoRMAL Collaboration:
Executive Group: K.K. Poppe (Study Lead) (Dr. Poppe
has received a Research Fellowship and a Grant-
in-Aid from the Heart Foundation of New Zealand to
support her work on this project.), R.N. Doughty, J.M.
Gardin, F.D.R. Hobbs, J.J.V. McMurray, S.F. Nagueh,
R. Senior, L. Thomas, G.A. Whalley (PI)
Steering Group: E. Aune, A. Brown, L.P. Badano, V.
Cameron, D.S. Chadha, N. Chahal, K.L. Chien, M.
Daimon, H. Dalen, R. Detrano, M. Akif Duzenli, J.
Ezekowitz, G. de Simone, P. Di Pasquale, S. Fukuda,
P.S. Gill, E. Grossman, F.D.R. Hobbs, H.-K. Kim, T.
Kuznetsova, N.K.W. Leung, A. Linhart, T.A. McDo-
nagh, M. McGrady, J.J.V. McMurray, J.G. Mill, R.
Mogelvang, M.L. Muiesan, A.C.T. Ng, D. Ojji, J.E.
Otterstad, D.J. Petrovic, K.K. Poppe, B. Prendergast,
E. Rietzschel, H. Schirmer, P. Schvartzman, R. Senior,
I. Simova, K. Sliwa, S. Stewart, I.B. Squire, M. Take-
uchi, L. Thomas, G.A. Whalley
Statistical Group: D.G. Altman, R. Perera, K.K. Poppe,
C.M. Triggs
Coordinating Centre: H. Au Yeung, G.A. Beans Picón,
K.K. Poppe, G.A. Whalley, University of Auckland and
Unitec Institute of Technology, New Zealand.
echonormal@unitec.ac.nz
Studies and Investigators: Alberta HEART: T. Ander-
son, J. Dyck, J.A. Ezekowitz; Asklepios: J.A. Chirinos,
M.L. De Buyzere, T.C. Gillebert, E. Rietzschel, P. Seg-
ers, C.M. Van daele; Auckland: R.N. Doughty, K.K.
Poppe, H.A. Walsh, G.A. Whalley; Campania Salute: R.
Izzo, N. De Luca, B. Trimarco, G. de Simone; Coronary
Artery Risk Development in Adults (CARDIA): restricted
public use data; Chadha: D.S. Chadha, K. Goel, A.
Misra; Chin-Shan Community Cardiovascular Cohort:
P.-C. Chen, K.-L. Chien, H.-J. Lin, T.-C. Su; China
California Heart Watch (www.chinacal.org): R.
Detrano; Christchurch Healthy Volunteers for the Study
of Heart Disease: V. Cameron, A.M. Richards, R.
Troughton; Cardiovascular Health Study (CHS):
restricted public use data; Copenhagen City Heart
Study: R. Mogelvang, J. Skov Jensen; Di Pasquale: P. Di
Pasquale, S. Paterna; Duzenli: M. Akif Duzenli; Echo-
cardiographic Heart of England Screening (ECHOES):
F.D.R. Hobbs, M.K. Davies, R.C. Davis, A. Roalfe;
Ethnic - Echocardiographic Heart of England Screening
(E-ECHOES): M. Calvert, M.K. Davies, R.C. Davis,
PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: Many echocar-
diographic measurements of cardiac size and function differ by
sex, ethnicity, and age. Failure to take these factors into account
could have signiﬁcant implications for the under- and over-
diagnosis of cardiovascular abnormalities in different populations
and appropriate reference values should be used.
TRANSLATIONAL OUTLOOK: The impact of this information
on diagnosis in non-European populations should be evaluated in
prospective studies.
J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 8 , N O . 6 , 2 0 1 5 EchoNoRMAL Collaboration
J U N E 2 0 1 5 : 6 5 6 – 6 5 Echo Reference Values
665N. Freemantle, P.S. Gill, G.Y.H. Lip; The FLEMish
Study on ENvironment, Genes and Health Outcome
(FLEMENGHO): T. Kuznetsova, J.A. Staessen; Glasgow
MONICA: H.J. Dargie, I. Ford, T.A. McDonagh, J.J.V.
McMurray; Grossman: E. Grossman; Harrow Heart
FailureWatch: G. Galasko, A. Lahiri, R. Senior;Heart of
the Heart: A. Brown, M. Carrington, H. Krum, M.
McGrady, S. Stewart, C. Zeitz; Heart of Soweto: L.
Blauwet, K. Sliwa, S. Stewart; Nord-Trøndelag Health
Study (HUNT): H. Dalen, H.E. Moelmen Hansen, A.
Støylen, A. Thorstensen; The Japanese Normal Values
for Echocardiographic Measurements Project (JAMP):
M. Daimon, H. Watanabe, J. Yoshikawa; JAMP-3D: S
Fukuda; Kim HK: H.-K. Kim; Leung: N.K.W. Leung;
Linhart: A. Linhart; London Life Sciences Prospective
Population Study (LOLIPOP): N. Chahal, J.C. Chambers,
J. Kooner, R. Senior; New and Emerging Applications of
Technology (NEAT): J. Davies, I. Loke, L. Ng, I.B. Squire;
Normal Echo Study Tønsberg (NEST): E. Aune, J.E.
Otterstad; Ng: D.Y. Leung, A.C.T. Ng; Ojji: D. Ojji;
OxVALVE: L. Arnold, S. Coffey, J. d’Arcy, C. Hammond,
C. Mabbett, C. Lima, M. Loudon, N. Pinheiro, B. Pre-
ndergast, R. Reynolds; Padua 3D Echo Normal: L.P.
Badano, D. Muraru, D. Peluso, L. Dal Bianco; Petrovic:
D.J. Petrovic, J. Petrovic; Schvartzman: P. Schvartzman,F.D. Fuchs; Simova: T. Katova, I. Simova; Takeuchi: K.
Kaku,M. Takeuchi; Thomas and Thomas 2: A. Boyd, E.M.
Chia, L. Thomas; The Tromsø Study: H. Schirmer; Vitoria
Brazil: L.C. Angelo, A.C. Pereira, J.E. Krieger, J.G. Mill,
S.L. Rodrigues; Vobarno: M.L. Muiesan, A. Paini, E.
Agabiti Rosei, M. Salvetti.
REPRINTS AND CORRESPONDENCE: Katrina Poppe,
Department of Medicine, University of Auckland,
Grafton Road, Private Bag 92019, Auckland 1142,
New Zealand. E-mail: k.poppe@auckland.ac.nz.RE F E RENCE S1. Lang RM, Bierig M, Devereux RB, et al. Recom-
mendations for chamber quantiﬁcation: A report from
the American Society of Echocardiography’s guide-
lines and standards committee and the Chamber
Quantiﬁcation Writing Group, developed in conjunc-
tion with the European Association of Echocardiog-
raphy,abranchof theEuropeanSocietyofCardiology.
J Am Soc Echocardiogr 2005;18:1440–63.
2. Lang R, Badano L, Mor-Avi V, et al. Recom-
mendations for cardiac chamber quantiﬁcation by
echocardiography in adults: an update from the
American Society of Echocardiography and the
European Association of Cardiovascular Imaging.
J Am Soc Echocardiogr 2015;28:1–39.e14.
3. Poppe KK, Edgerton Bachmann M, Triggs CM,
Doughty RN, Whalley GA. Geographic variation in
left ventricular mass and mass index: a systematic
review. J Hum Hypertens 2012;26:420–9.
4. EchoNoRMAL Collaboration. A meta-analysis of
echocardiographic measurements of the left heart
for the development of normative reference
ranges in a large international cohort: the Echo-
NoRMAL study. Eur Heart J Cardiovasc Imaging
2014;15:341–8.
5. Koenker R, Hallock KF. Quantile regression.
J Econ Perspect 2001;15:143–56.
6. R Core Team. R: A language and environment
for statistical computing 3.0.2 ed. Vienna, Austria:
R Foundation for Statistical Computing, 2013.
7. Koenker R. quantreg: Quantile Regression.
R package version 4.53 ed. Vienna, Austria:
R Foundation for Statistical Computing, 2010.8. Geraci M. Linear quantile mixed models: the
lqmm package for Laplace quantile regression.
J Stat Software 2014;57:1–29.
9. Lang RM, Bierig M, Devereux RB, et al.
Recommendations for chamber quantiﬁcation. Eur
J Echocardiogr 2006;7:79–108.
10. VirtanenA,KairistoV,UusipaikkaE.Regression-
based reference limits: determination of sufﬁcient
sample size. Clin Chem 1998;44:2353–8.
11. Du Bois D, Du Bois E. Clinical calorimetry: a
formula to estimate the approximate surface area
if height and weight be known. Arch Intern Med
1916;XVII:863–71.
12. Devereux RB, Alonso DR, Lutas EM, et al.
Echocardiographic assessment of left ventricular
hypertrophy: comparison to necropsy ﬁndings. Am
J Cardiol 1986;57:450–8.
13. Aune E, Baekkevar M, Rodevand O,
Otterstad JE. Reference values for left ventricular
volumes with real-time 3-dimensional echocardi-
ography. Scand Cardiovasc J 2010;44:24–30.
14. McDonagh T, Morrison CE, Lawrence A, et al.
Symptomatic and asymptomatic left ventricular
systolic dysfunction in an urban population. Lan-
cet 1997;350:829–33.
15. Lauer MS, Larson MG, Levy D. Gender-speciﬁc
reference M-mode values in adults: population-
derived values with consideration of the impact
of height. J Am Coll Cardiol 1995;26:1039–46.
16. Gardin JM, Siscovick DS, Anton-Culver H, et al.
Sex, age, and disease affect echocardiographic leftventricular mass and systolic function in the free-
living elderly: the Cardiovascular Health Study.
Circulation 1995;91:1739–48.
17. Natori S, Lai S, Finn P, et al. Cardiovascular
function in multi-ethnic study of atherosclerosis:
normal values by age, sex, and ethnicity. Am J
Roentgenol 2006;186:S357–65.
18. De Simone G, Daniels S, Devereux R, et al. Left
ventricular mass and body size in normotensive
children and adults: assessment of allometric re-
lations and impact of overweight. J Am Coll Car-
diol 1992;20:1251–60.
19. Van de Veire NR, De Backer J, Ascoop AK,
Middernacht B, Velghe A, Sutter JD. Echocardio-
graphically estimated left ventricular end-diastolic
and right ventricular systolic pressure in normo-
tensive healthy individuals. Int J Cardiovasc Im-
aging 2006;22:633–41.
20. Chahal NS, Lim TK, Jain P, Chambers JC,
Kooner J, Senior R. Ethnicity-related differences in
left ventricular function, structure and geometry:
a population study of UK Indian Asian and Euro-
pean white subjects. Heart 2010;96:466–71.KEY WORDS echocardiography,
ethnic appropriate, reference rangesAPPENDIX For supplemental tables, please
see the online version of this article.
